Introduction

33
Durability of structures and structural concretes, particularly in the presence of aggressive agents, is a 34 topic of fundamental interest and importance in civil infrastructure and construction. Carbon dioxide 35 This is a postprint of a paper published in Materials & Structures, 48(3):653-669, 2014 . The version of record is available at http://dx.doi.org/10.1617/s11527-014-0289-4 2 (CO 2 ) is particularly known to affect the durability of cement-based materials under long-term 36 exposure, through a degradation process referred to as carbonation [1] [2] [3] . This phenomenon is 37 controlled by both gas diffusion and chemical reaction mechanisms, and consequently its progress is 38 determined by both the chemistry of the binder and the permeability of the material. The effect of 39 carbonation in concrete structures is a reduction in the alkalinity of the material, leading to an 40 increased susceptibility to corrosion of embedded steel reinforcement, often accompanied by a 41 decrease in mechanical strength [2, 4, 5] .
43
Carbonation of mortars and concretes produced using ordinary Portland cement has been widely 44 studied. In these systems, the CO 2 from the atmosphere diffuses through gas-filled pores and dissolves 45 in the pore solution to form aqueous HCO 3 -. This uptake of acidic CO 2 into the alkaline pore solution 46 reduces the internal pH of the binder, and the dissolved carbonate also reacts with the calcium-rich 47 hydration products present in the matrix, mainly with the portlandite (Ca(OH) 2 ), calcium silicate 48 hydrate (C-S-H) and calcium aluminate hydrate phases, to form solid calcium carbonates [4, 6, 7] . In
49
Portland cement-based systems, it is well known that the progress of carbonation is dependent on the 50 chemical nature of the binder phases with which the CO 2 is going to react, as well as the factors 51 determining the diffusion rate of the gaseous CO 2 , such as the pore network and exposure 52 environment, in particular relative humidity [8] [9] [10] [11] . It has been reported [9] that carbonation is more 53 rapid at intermediate relative humidity (50-70%) , and this is attributed to interactions between drying 54 and carbonation processes [12] , as the presence of a very high fraction of pores filled with water 55 hinders the diffusion of CO 2 , while sufficient water is required to promote the solvation and hydration 56 of the carbon dioxide. Under intermediate moisture conditions both reaction kinetics and diffusion of 57 CO 2 are favoured, which leads to acceleration of the carbonation process [4] .
59
In the case of concretes based on alkali-activated binders, there is limited existing knowledge about 60 the long-term in-service stability of these materials, although the studies that have been published 61 show generally moderate to low carbonation rates (<0.5 mm/yr), similar to the carbonation rate of 62 Portland cement concretes, under service conditions in continental climates [13] [14] [15] . Shi, Krivenko 63 and Roy report the natural carbonation rates of concrete structures with ages between 12 and 40 years, 64 located in Russia, Ukraine and Poland [14] . The concretes were produced from alkali-activated slag, 65 using alkaline activator solutions of sodium metasilicate, sodium carbonate and potassium carbonate, 66 and had 28-day compressive strengths between 35 -82 MPa. The in-service carbonation rates, 67 measured using the phenolphthalein method, did not exceed 1 mm/year in any of the cases described.
68
Similar results were identified in 7-year-old silicate-activated slag concretes [16] , where the 69 carbonated depths identified were much lower than would be predicted through calculations based on 70 accelerated carbonation testing, demonstrating that the exposure conditions used in accelerated testing 71 do not replicate the phenomena that take place under natural service conditions.
73
On the other hand, laboratory studies of pastes and mortars of alkali-activated slag, and 74 slag/metakaolin blends [15, [17] [18] [19] [20] [21] , have indicated high susceptibility to carbonation in these 75 materials under accelerated conditions, compared with conventional cements. It is proposed that this 76 is due particularly to effects related to pore solution alkalinity [22] and binder chemistry, especially 77 the absence of portlandite as a reaction product in these binders. More recently it has been identified 78 [23] 
249
The acceleration in carbonation of some of the concretes ( Figure 1A, As discussed in detail in section 3.1 above, concretes exposed to 1% CO 2 ( Figure 4A 
423
This, combined with the porosity data in Figure 3 binder, which take place after the local pH has decreased sufficiently to cause phenolphthalein to 487 remain colourless when sprayed onto the samples. It is entirely possible that there is also some 488 decalcification taking place simultaneously at the reaction front where the pH is decreasing, and this 489 will cause the start of the strength loss, but this is seen to continue long after the 'carbonation front' water absorption at extended times of CO 2 exposure ( Figure 8C ). This is consistent with the high total 620 porosity observed in these specimens when compared with concretes with lower contents of MK. In 621 this case, similar behaviour is observed at 1% and 3% CO 2 -which may mean either that both of 622 these testing conditions are appropriate for the analysis of these concretes, or that even 1% CO 2 is too 623 high a concentration to provide a good representation of the performance of the concretes in service.
624
At this point it is not possible to say which of these possibilities is more likely, but the effect of 625 elevated CO 2 concentrations on pore solution chemistry [22] indicates that the concentrations are 626 probably too high to fully accurately represent the in-service carbonation of alkali-activated concretes, 627 even at these levels which are quite moderate by the standards of most carbonation tests [28] .
629
The kinetics of the capillary sorption of water into concrete can be described by the resistance to The key outcome of this study is the observation that accelerated carbonation testing of alkali-650 activated concretes depends strongly on both the testing conditions and the chemistry of the binder.
651
The inclusion of more than 10% MK (GBFS/(GBFS+MK) < 0.9) in activated-slag binders leads to 652 notably increased carbonation rate and extent, as these specimens develop increased permeability. The 653 performance of samples with GBFS/(GBFS+MK) = 0.9 or 1.0 is sometimes similar, or sometimes the 654 samples with GBFS/(GBFS+MK) = 0.9 carbonate more rapidly, depending on the test conditions. In 655 the relative humidity range tested (50-80%), the highest carbonation rates are generally observed in 656 specimens exposed at a relative humidity of 655%, indicating that a partially saturated moisture 657 condition accelerates the carbonation reaction process. For carbonation tests where the specimens 658
were not dried prior to testing, the water absorption of the uncarbonated samples provides a good 659 indication of whether drying effects during the test duration will retard the initial stages of 660 carbonation. Testing samples with low water absorption (i.e. initially highly saturated and refined 661 pore networks) at high relative humidity gives a very low carbonation rate in the early stages of the 662 test, as the carbonation of the saturated binder is slow, followed by an acceleration of the carbonation 663 process as the drying front begins to enter the sample to a more significant extent.
665
The progress of carbonation in alkali-activated concretes is also very strongly dependent on the CO 2 666 concentration used during the accelerated testing, as differences in the total porosity and mainly in the 667 capillary pore structure are induced at higher CO 2 concentrations. At relatively low CO 2 concentration 668 (1%), a monotonic increase in porosity, along with an eventual reduction in capillarity, can be 669 identified in the concretes assessed, indicating that the formation of carbonation products in these 670 systems is contributing to changes in the pore network structure during the test. 
